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Abstract
Under conditions where apoptosis is prevented, peroxides disrupt the endothelial monolayer by inducing cytoskeletal rearrangements, cell
retraction and formation of arrays of membrane blebs. In human umbilical vein endothelial cells (HUVEC), the H2O2-induced membrane
blebbing was found to be a transient process executed by two parallel signaling mechanisms: (i) mobilization of cytosolic [Ca2 + ]i through a
pathway requiring oxidation of reduced glutathione (GSH), and (ii) activation of p38 mitogen-activated protein kinases (MAPK)
independently of GSH oxidation and Ca2 + mobilization. In the HUVEC, membrane blebbing was thus blocked by inhibition of GSH
oxidation, Ca2 + mobilization or p38 MAPK activation. Stimulation of GSH peroxidation with ebselen potentiated the H2O2-induced
oscillating Ca2 + response and the bleb formation, but not p38 phosphorylation. Chelation of [Ca2 + ]i abolished the blebbing process but not
p38 activation. In addition, in the GSH peroxidase-resistant cell line ECV304, H2O2 was unable to promote membrane blebbing or significant
Ca2 + release, while p38 became phosphorylated. However, [Ca2 + ]i was increased and blebs were formed, when the ECV304 were treated
with ebselen before H2O2. Together, this leads to a model where oxidative stress, through both Ca
2 + -dependent and p38 kinase-mediated
phosphorylation events, causes reassembly of the actin cytoskeleton and subsequent appearance of membrane blebs at the plasma membrane.
D 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction
The endothelium forms the quasi-impermeable lining of
the blood vessels. Maintenance of the intactness of the
endothelial cell monolayer is crucial to preserve its anti-
thrombotic function. Upon inflammation, reactive oxygen
species like peroxides, produced by activated neutrophils
adhering to the vascular wall, can cause retraction of the
endothelial cells and disrupt the integrity of the monolayer
[1–3]. At higher concentrations, peroxides such as H2O2
trigger the process of apoptosis in endothelial and other
cells, as apparent from their potency to activate caspases,
down-regulate Bcl-2 isoforms, fragment DNA, and rear-
range the actin cytoskeleton [4–6]. Apoptosis is morpho-
logically recognized by the formation of blebs on the plasma
membrane and shrinkage of the cells. In earlier work with
human umbilical vein endothelial cells (HUVEC), we have
shown that peroxides can cause these morphological
changes also in the absence of apoptosis, provided that the
cells were kept adherent and maintained in growth factor-
containing culture medium [7]. Thereby, programmed cell
death due to loss of adhesion (anoikis) or to growth-factor
withdrawal was prevented [8,9]. We found that this non-
apoptotic membrane blebbing was strongly associated to the
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peroxide-induced conversion of reduced glutathione (GSH)
into oxidized glutathione disulfide (GSSG) by activation of
GSH peroxidase [7]. Part of the evidence came from the
observation that the non-blebbing ECV304 cell line is
unable to oxidize GSH in response to peroxides. However,
the underlying signaling mechanisms have not yet been
evaluated.
Oxidative (H2O2) stress is likely to act on cells through
multiple pathways. For instance, the more oxidized intra-
cellular glutathione redox state is likely to influence the
action and interaction of many sulfhydryl-containing pro-
teins in the cytosol [10,11]. This multeity has hampered the
search for and the characterization of the principal stress-
responsive elements. For this paper, we have determined the
contribution of glutathione redox state-dependent and -inde-
pendent signaling pathways to cellular blebbing and retrac-
tion. We thereby concentrated on pathways, known to be
induced by peroxides, including elevation in cytosolic
[Ca2 + ]i [5,12], and downstream effects of calpain protease
[13] and serine protein kinases [14]. Other investigated
mitogenic pathways are the anti-apoptotic signaling cas-
cades of ERK1/2 mitogen-activated protein kinases
(MAPK) [6,15,16] and of phosphoinositide 3-kinase/protein
kinase B [17,18]. This in contrast to the activation pathway
of p38 MAPK or stress-activated protein kinase 2 (SAPK2),
which is often linked to apoptosis [5,6,19–21]. The result
indicates that both Ca2 + and p38 MAPK are required for
bleb formation.
2. Materials and methods
2.1. Materials
Ebselen [2-phenyl-1,2-benzisoselenazol-3(2H)-one], glu-
tathione reductase, H2O2, genistein, mercaptosuccinic acid
and L-buthionine-[S,R]-sulfoximine (BSO) were purchased
from Sigma (St. Louis, MO, USA). Polyclonal rabbit anti-
diphospho (Thr 180/Tyr 182) p38 antibody was obtained
from New England Biolabs (Beverley, UK); whereas horse-
radish peroxidase-conjugated polyclonal swine anti-rabbit
and anti-mouse antibodies and fluorescein isothiocyanate
(FITC)-labeled goat anti-rabbit IgG antibody were from
Dako (Glostrup, Denmark). The origin of rabbit antiserum
against the C-terminal part of p38 was a gift from Dr.
Farndale (Department of Biochemistry, Cambridge Univer-
sity, UK) [22]. Texas Red-X phalloidin and acetoxymethy-
lesters (AM) of Fura-2 and dimethyl-BAPTA were from
Molecular Probes (Leiden, The Netherlands). SB203580
was purchased from Alexis (La¨ufelfingen, Switzerland),
and PD98059 from Calbiochem (San Diego, CA, USA),
while Clostridial toxin C3 exoenzyme was from Biomol
(Plymouth Meeting, PA, USA). Cell culture media were
purchased from Life Technologies (Breda, The Nether-
lands), fetal calf serum came from Integro (Zaandam, The
Netherlands).
2.2. Cell culturing
HUVEC were collected from freshly obtained umbilical
cords and cultured to passages 2–4 [7]. Where indicated,
primary cells were used. The culturing medium existed of 1
vol. Medium 199 and 1 vol. RPMI 1640, supplemented with
20% (v/v) human serum, bovine brain extract (5 Ag/ml) and
heparin (10 U/ml). ECV304 [23] were obtained from the
European Collection of Animal Cell Cultures (Salisbury,
UK), and cultured as described [24].
2.3. Measurement of bleb formation
Confluently grown HUVEC in 12-well culture plates
were monitored for bleb formation and shrinkage by differ-
ential interference contrast microscopy. Per experimental
condition, the number of blebbing cells was counted in at
least three wells every 10 min [7]. Repetitions were carried
out using cells from different umbilical cords. The counting
observer was blind to the experimental condition. Images
were at times recorded with a digital camera (Hamamatsu,
Japan), connected to a Zeiss inverted fluorescence micro-
scope equipped with differential interference contrast.
2.4. Measurement of glutathione and [Ca2+]i
Confluent monolayers of endothelial cells in six-well
plates were treated with peroxide in the presence of culture
medium (37 jC). Determination of reduced and total gluta-
thione was as before [7]. To determine changes in [Ca2 + ]i,
confluent monolayers of cells were cultured on gelatin-
coated cover slips and loaded with 1 AM Fura-2/AM in
HEPES buffer pH 7.45 consisting of 150 mM NaCl, 10 mM
HEPES, 5.6 mM glucose, 5 mM KCl, 4 mM L-glutamic
acid, 1.8 mM CaCl2, 1 mM MgCl2 and 0.25% (w/v) bovine
serum albumin under humified air with 5% CO2 (30 min at
37 jC). Dimethyl-BAPTA/AM (25–50 AM) was present
during loading, where indicated. The cover slips were
mounted in a thermostatic (37 jC) open chamber placed
on a Nikon Diaphot inverted microscope (Nikon, Tokyo,
Japan). The cells were stimulated in the presence of culture
medium, which was re-added at 30 min before measure-
ment. Changes in Fura-2 fluorescence were monitored in
individual cells by ratio fluorometry, using a high-sensitive,
camera-based Quanticell video imaging system (Visitech,
Sunderland, UK). Calibration to values of [Ca2 + ]i was by
following earlier described procedures [25].
2.5. Immunocytochemistry
Cells in monolayer on cover slip were fixed with 3.7%
(v/v) formaldehyde, permeabilized with 0.005% (w/v)
sodium dodecylsulfate (SDS), and blocked with phos-
phate-buffered saline containing 1% (w/v) bovine serum
albumin. The cells were stained with anti-diphospho p38
MAPK antibody (1:500, v/v), followed by FITC-labeled
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goat anti-rabbit antibody (1:80) plus Texas Red-X phalloi-
din (0.5 AM). After inclusion with 4V,6V-diamidine-2-phe-
nylindole (60 Ag/ml), samples were visualized by confocal
laser scanning microscopy [7].
2.6. Western blotting
Cells in 60-mm culture dishes were exposed to various
agents, and washed twice with ice-cold phosphate-buffered
saline to which 0.2 mM Na3VO4 was added. The endothelial
cells were then lysed in a buffer medium containing 10% (v/
v) glycerol, 2% (w/v) SDS, 65 mM Tris–HCl, 1 mM
Na3VO4, 1 AM phenylmethanesulfonyl fluoride, 1 mM
benzamidine and 5 Ag/ml leupeptin (pH 6.8). Lysates were
heated at 98 jC for 10 min, and centrifuged at 12000 g to
remove debris. Protein concentration was determined using
a kit from Pierce (Rockford, IL, USA). Samples were
reduced with 5% (v/v) h-mercaptoethanol, heated at 98
jC for 5 min, and subjected to SDS polyacrylamide gel
electrophoresis. Proteins, separated on a 12% (w/v) acryl-
amide gel, were transferred to nitrocellulose membranes,
which were blocked in Tris buffer [1 M NaCl, 10 mM Tris–
HCl, 1% (w/v) bovine serum albumin and 0.1% (v/v) Tween
20, pH 7.5]. Blots were immunostained with polyclonal
rabbit antibody against human diphosphorylated p38 and,
later, reprobed with either polyclonal antibody against total
p38 or monoclonal anti-phosphotyrosine 4G10 antibody.
Bound antibodies were visualized with horseradish perox-
idase-conjugated polyclonal swine anti-rabbit antibody, fol-
lowed by enhanced chemiluminescence detection
(Amersham Pharmacia, Amersham, UK).
2.7. Statistics
Statistical significance of differences was determined by
using a two-sided Student’s t-test for paired observations.
3. Results
3.1. Peroxide-induced membrane blebbing in HUVEC
To compare with earlier work using tert-butyl hydro-
peroxide [7], we examined the ability of H2O2 to induce
membrane blebbing in confluent monolayers of HUVEC.
The endothelial cells were labeled with the Ca2 + -probe,
Fura-2, to monitor early peroxide effects. Stimulation of the
HUVEC was with 0.5 mM H2O2 in the presence of growth
factor-containing culture medium (37 jC). Fluorescence/
phase-contrast microscopic imaging was used to determine
increases in cytosolic [Ca2 + ]i along with changes in
morphology of the cells. In 94F 2% (meanF S.E., n = 6
experiments) of the HUVEC, the peroxide addition resulted
in a detectable rise in [Ca2 + ]i, which often persisted for
several minutes (Fig. 1A,B). Phase-contrast microscopic
images, taken after 15 min, pointed to arrays of vesicular
structures on the surface of 21.4F 7.1% of these cells
(n = 6 experiments) (Fig. 1C,D). The insert of Fig. 1D
illustrates that the bleb-forming cells had often increased
levels of [Ca2 + ]i that persisted for up to 12 min. Differ-
ential interference contrast images, recorded from unloaded
cells in parallel experiments, showed that most of the
peroxide-stimulated cells retracted and formed stress fibers,
which processes were again in about 25% of the cells
accompanied by development of arrays of membrane blebs
protruding along the surface (Fig. 1E,F).
Earlier results with tert-butyl hydroperoxide indicated
that the membrane blebbing of HUVEC coincided with
pronounced oxidation of GSH to GSSG [7]. Also H2O2
stimulation of the cells (in the presence of culture medium)
resulted in rapid, almost complete GSH oxidation (Fig. 2A).
After 15–30 min, GSH recovered to reach its original, high
level in about 1 h. In a well-responsive isolation of HUVEC,
the fraction of blebbing cells could increase to 30% over the
first 30 min of peroxide treatment. Thereafter, this number
declined to almost zero (Fig. 2B). In agreement with earlier
observations [7], these responses were not accompanied by
a loss of apoptotic or necrotic cells, as investigated by flow
cytometric analysis using propidium iodide and FITC-
labeled annexin V (data not shown).
When using an optimal dose of 0.5 mM H2O2 (Fig. 2C),
the percentage of blebbing cells greatly varied with the
HUVEC isolation (Fig. 2D). In general, rapidly growing
isolations responded better to the peroxide than slowly
growing cells, whereas the passage number of the cells
(two to four passages) was without influence on the bleb-
bing number. Primary HUVEC isolates were similarly
responsive (10–15%). When H2O2 doses higher than 0.5
mM were applied, the number of cells with blebbing
response decreased (Fig. 2C), whereas non-apoptotic,
necrotic cells started to appear (not shown). From these
data, we concluded that the H2O2-induced membrane bleb-
bing is basically transient in nature, and occurs in a
significant but variable fraction of the endothelial cells.
3.2. Involvement of Ca2+ and p38 MAPK in the blebbing
response
Various inhibitors were tested to investigate the partic-
ipation of specific signaling pathways. The blebbing in
response to 0.5 mM H2O2 was suppressed to 23.5F 9.6%
(meanF S.E., n = 5, p < 0.01) of the control situation by
pretreatment with the general protein kinase inhibitor,
staurosporine (1 AM). Without effect, however, was inhib-
ition of the growth factor-induced pathway with genistein
(100 AM, tyrosine kinase inhibitor) or PD98059 (10 AM,
inhibitor of ERK1/2 activation) [26]: blebbing amounted to
116F 23.9% (n = 3) or 116.9F 8.2% (n = 5) of the control,
respectively. Wortmannin (20 nM) was used to inhibit
phosphoinositide 3-kinase activity, which pathway has
been implicated in a variety of cytoskeletal changes.
Blebbing in this case was 117.2F 7.1% (n = 3) of the
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control. Preincubation with the Rho inhibitor, C3 exoen-
zyme (50 Ag/ml) [27], to inhibit actin filament formation,
completely inhibited the formation of stress fibers and
membrane blebs ( < 95%, two experiments).
On the other hand, the compound SB203580 (10 AM),
which blocks the ATP-binding site of p38 MAPK without
influencing its phosphorylation [28], suppressed H2O2-
induced blebbing to 34.8F 8.1% (n = 4, p< 0.01) of the
control value. The generation of blebs appeared to be a
Ca2 + -dependent process, as deduced from the almost
complete inhibition to 8.4F 3.2% of control when the
HUVEC were pretreated with the intracellular Ca2 +
chelator, dimethyl-BAPTA acetoxymethylester (50 AM,
maintaining [Ca2 + ]i at 10 nM). Calpeptin (10 AM), an
inhibitor of the Ca2 + -dependent protease calpain [29],
caused only a partial reduction to 79.0F 2.9% (n = 3).
The ability of H2O2 to phosphorylate and activate the
MAPK forms ERK1/2 and p38 was verified by Western
blotting of HUVEC lysates subjected to gel electrophoresis.
Incubation with H2O2 (0.5 mM) caused a transient (PD98059
inhibited) gel-shift of ERK1/2, indicative of its activation (not
shown), and a clear, transient phosphorylation of p38 peaking
after 10–20 min at 4- to 6-fold of the control level (Fig. 3A).
The p38 activation was independent of elevated [Ca2 + ]i,
because preloading of HUVEC with dimethyl-BAPTA/AM
(25–50 AM) did not abolish the H2O2 effect. In several
experiments, this treatment even promoted p38 phosphory-
lation by itself (Fig. 3A). The surprising, increased phosphor-
ylation by dimethyl-BAPTA treatment may be due to the
quite low levels of [Ca2 + ]i in the cells loaded with dimethyl-
BAPTA, that is, 10F 4 nM (meanF S.E., n = 3). It has
indeed been reported that low Ca2 + inhibits the activity of
calcium-dependent MAPK phosphatase, which acts as a
negative regulator of the kinase activity [30]. Regulation of
p38 by such phosphatase was confirmed by the observation
that incubation of the HUVEC with SB203580 (10 AM)
prevented the BAPTA-mediated increase in p38 phosphor-
ylation, and this phosphorylation decreased again when the
BAPTA-treated cells were stimulated with the Ca2 + -mobi-
lizing agent thapsigargin (5 AM) (not shown).
Fig. 1. H2O2-induced membrane blebbing in HUVEC. Confluent cells on cover slip were exposed to 0.5 mM H2O2 in the presence of culture medium (37 jC).
Fluorescence ratio images of a microscopic field of Fura-2-labeled cells before (A) and at 5 min after (B) H2O2 addition. Images were recorded from initially
confluent cells, but with an extra offset to visualize different responses of adjacent cells. White color points to elevated [Ca2 + ]i. Phase-contrast images from a
duplicate cover slip before H2O2 addition (C) and after 15 min of addition (D). Insert shows fluorescence ratio image of cells indicated by arrows (at 12 min
after H2O2 addition). Differential interference contrast images of unlabeled HUVEC before (E) and at 15 min after (F) peroxide exposure. Bars indicate 20 Am.
Arrows point to cells with arrays of blebs.
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The H2O2-induced activation of p38 was also confirmed
by immunocytochemistry. Double-staining of HUVEC with
labeled phalloidin for actin and anti-diphospho p38 antibody
showed that the retracted cells with membrane blebs (rec-
ognized by an actin ring at the cell periphery) [8] were much
higher in phosphorylated p38 than the stress fiber-contain-
ing, spread cells (Fig. 3B,C). Together, these results suggest
that both elevated [Ca2 + ]i and p38 MAPK activation play a
role in the blebbing process.
3.3. Peroxide-induced glutathione oxidation and
downstream Ca2+ signaling
To further examine the relation between glutathione
oxidation and the formation of membrane blebs, HUVEC
in monolayers were treated with either ebselen, which is a
cell-permeable mimic of GSH peroxidase [31], or mercap-
tosuccinate, that is, a known inhibitor of GSH peroxidase
[32]. The ebselen-treated cells showed a more prolonged
GSH oxidation in response to H2O2 than the control cells,
whereas GSH oxidation was almost completely abolished
after the mercaptosuccinate treatment (Fig. 4A). Neither of
the treatments affected the integrity of the HUVEC mono-
layer by itself, but triggering with H2O2 greatly increased
the number of blebbing cells after ebselen treatment (Fig.
4B), and diminished this number by about 80% after
mercaptosuccinate treatment (Fig. 4C). Similar results as
with mercaptosuccinate were obtained with another inhib-
itor of glutathione peroxidase, BSO (25 AM) [33], which
decreased the H2O2-induced blebbing response by 83.7%
and 62.9% (two experiments). These results thus confirm
that the bleb formation in endothelial cells is linked to an
oxidized glutathione redox state.
Possible glutathione redox-sensitive signaling elements,
involved in bleb formation, are the peroxide-evoked rise in
[Ca2 + ]i and the activation of p38 MAPK isoforms [4,7,15].
Western blots indicated that neither ebselen nor mercapto-
succinate treatment affected H2O2-induced p38 phosphor-
ylation (not shown, but see below). However, experiments
with Fura-2-loaded HUVEC showed that their Ca2 + signals
were influenced by these treatments. In the presence of
(Ca2 + -containing) culture medium, about 30% of the
HUVEC responded to 0.5 mM H2O2 by an [Ca
2 + ]i increase
that was oscillating in shape and lasted for 10–15 min
Fig. 2. Glutathione oxidation and membrane blebbing of HUVEC exposed to 0.5 mM H2O2 in the presence of culture medium. (A) Time-dependent change in
GSH level, expressed as percentage of total glutathione (meanF S.E., n= 4). (B) Time dependency of bleb formation in response to H2O2 (solid line) or vehicle
(dashed line). Data are from an experiment with highly responsive cells to indicate complete reversibility. (C) Dose dependency of blebbing upon exposure to
0.001–10 mM H2O2. Data are from five experiments (meanF S.E.), normalized to the percentage at 0.5 mM H2O2. (D) Inter-experiment variation in blebbing
response.
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(Fig. 5A). In most of the other cells, this Ca2 + response was
of shorter duration (Fig. 5B). Where examined, blebbing
cells were mostly those with a prolonged Ca2 + signal.
When averaged per experiment, the maximal rise in
[Ca2 + ]i was 269F 14 nM (meanF S.E., n = 9 experiments
with 200 cells). Pretreatment of the HUVEC with mercap-
tosuccinate (to inhibit GSH peroxidase) largely abolished
the H2O2-evoked Ca
2 + signal (Fig. 5C). In this case, the
averaged rise in [Ca2 + ]i was 13.1F 8.2% (n= 3) of that of
untreated cells. Ebselen in contrast increased and prolonged
the Ca2 + response (see below). The p38 inhibitor
SB203580, however, had no more than little effect, that is,
it influenced the averaged increase in [Ca2 + ]i to no more
than 83.9F 8.4% of the control value (n = 6, p< 0.05).
The oscillatory Ca2 + response with H2O2 points to
regenerative Ca2 + release by the endomembrane InsP3
receptors. The literature is inconsistent of whether peroxides
cause phospholipase C stimulation and thus InsP3 formation
[4,12,34]. When the HUVEC were stimulated with H2O2 in
Fig. 4. Modulation of GSH oxidation and membrane blebbing. HUVEC
were left untreated (Ctrl) or were pretreated with ebselen (Ebs, 0.1 mM for
5 min) or the GSH peroxidase inhibitor mercaptosuccinate (MS, 50 AM for
5 h). The cells were then activated with 0.5 mM H2O2 in culture medium, as
indicated. (A) Time-dependent changes in GSH concentration. (B,C)
Effects of treatment with ebselen (B) and mercaptosuccinate (C) on bleb
formation. Data are mean valuesF S.E. (n= 3).
Fig. 3. H2O2-induced cytoskeletal changes and p38 MAPK activation.
Monolayers of HUVEC were exposed to 0.5 mM H2O2 in the presence of
culture medium during 10–60 min (37 jC). Cells were pre-incubated with
50 AM dimethyl-BAPTA/AM, as indicated. (A) Western blots of cell
lysates, separated by electrophoresis and immunostained with antibody
against diphosphorylated p38 MAPK (P-p38). The blots were stripped and
later reprobed with antibody against total p38. (B,C) Immunostaining of
fixed HUVEC before (B) and after 15 min of stimulation with H2O2 (C).
Staining was for anti-diphosphorylated p38 MAPK (P-p38, left panels) in
combination with Texas Red-X labeled phalloidin for actin (right panels).
Bars indicate 20 Am.
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the absence of extracellular Ca2 + , most of the cells
responded by a short, spiking Ca2 + signal, which was
prolonged upon later addition of CaCl2 (Fig. 5D). This
indicates that indeed H2O2 causes mobilization of Ca
2 +
from intracellular (InsP3-sensitive) stores, and that their
depletion triggers the consensus pathway of store-regulation
Ca2 + entry. Even without extracellular Ca2 + , the spiking
Ca2 + signal was only little influenced by interventions
designed to block InsP3 generation. The compound
U73122 completely inhibits phospholipase C-h and -g
activation at relatively low concentrations of 2–3 AM
[35]. When added to Fura-2-loaded HUVEC, U73122 (3
AM) decreased the Ca2 + signal to no more than
65.4F 16.0% of the control condition (n = 3). Preincubation
of the HUVEC with LiCl (20 mM), to inhibit InsP3
recycling, gave [Ca2 + ]i spikes that were often higher
instead of lower in magnitude (Fig. 5E). Both U73122
and LiCl inhibited the thrombin-induced Ca2 + responses,
demonstrating their ability to suppress InsP3 formation (not
shown). Ebselen, on the other hand, prolonged the peroxide-
evoked Ca2 + signal generation even without external Ca2 +
(Fig. 5F). Together these data suggest that peroxide causes
regenerative intracellular Ca2 + mobilization as a conse-
quence of GSH oxidation, but not of phospholipase C
stimulation.
3.4. Stimulation of membrane blebbing in ECV304
Earlier we have described that monolayer-forming
ECV304 are essentially incapable of oxidizing GSH and
forming blebs in response to peroxide, most likely because
of their reduced GSH peroxidase activity [24]. We moni-
tored the H2O2 responses in ECV304 treated with the GSH
peroxidase mimic ebselen. Under control conditions, 0.5
mM H2O2 changed the GSH level by less than 5%, but in
ECV304 treated with ebselen (50 AM for 5 min), GSH
gradually reduced to 73.5F 1.0% of the original level after
1 min of peroxide, and to 38.3F 7.5% after 10 min
(meanF S.E., n = 4). With ebselen present, H2O2 caused
membrane blebbing in about 15% of the ECV304 (Fig.
6A). As in the case of HUVEC, these blebs disappeared
after several hours. Again, the bleb formation with H2O2/
ebselen was strongly inhibited by SB203580 (10 AM) to
7.3F 2.9% of the control condition (meanF S.E., n = 4).
Ebselen treatment did, however, not influence H2O2-evoked
p38 MAPK phosphorylation (Fig. 6B), but greatly potenti-
Fig. 5. H2O2-induced Ca
2 + responses in single HUVEC. Fura-2-loaded cells on cover slip were pre-treated with mercaptosuccinate (MS, 50 AM for 5 h), LiCl
(20 mM for 1 h) or ebselen (0.1 mM, 5 min), as indicated. (A–C) Stimulation with H2O2 (0.5 mM) was in the presence of culture medium containing 2 mM
free Ca2 + . (D–F) Peroxide stimulation of cells was in nominally Ca2 + -free HEPES buffer containing 0.1 mM EGTA, after which 2 mM CaCl2 was added.
Data are representative for traces of 50–100 cells (n= 3–5 experiments).
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ated the H2O2-evoked (non-oscillatory) Ca
2 + response
(Fig. 6C). Thus, also in this cell line, blebbing seems to
be controlled by p38 activation and the glutathione redox
state regulating Ca2 + homeostasis.
4. Discussion
The present data indicate that the H2O2-induced mem-
brane blebbing of HUVEC is a dose-dependent process,
mediated by two signaling pathways acting in parallel: (i)
mobilization of Ca2 + through a GSH oxidation-dependent
activation pathway, and (ii) phosphorylation of p38 MAPK,
according to a GSH oxidation-independent process. All
these signaling events, that is, GSH oxidation, Ca2 + mobi-
lization and p38 MAPK phosphorylation, are triggered
within minutes of H2O2 application, and are transient in
nature. Bleb formation is greatly suppressed by chelating
intracellular Ca2 + (dimethyl-BAPTA), and by pharmaco-
logical inhibition of p38 MAPK activation (SB203580) or
the consensus phosphorylation site of protein kinases (staur-
osporine). Blebbing is also blocked by inhibition of GSH
peroxidase (mercaptosuccinate or BSO), but is stimulated
by increased GSH oxidation (ebselen). Furthermore, in
ECV304, that is, monolayer-forming cells with greatly
decreased GSH peroxidase activity [24], H2O2 stimulates
p38 phosphorylation, but it only causes membrane blebbing
and Ca2 + mobilization after treatment with the GSH per-
oxidase mimic ebselen.
The measured p38 activation and Ca2 + mobilization
pathways appear to be stimulated independently by the
peroxide. This appears from the observations that
dimethyl-BAPTA treatment by itself causes p38 activation
and that the peroxide-induced Ca2 + response is not affected
by p38 inhibition with SB203580. The Ca2 + mobilization,
but not p38 MAPK activation, must be secondary to GSH
oxidation, since it is potentiated by ebselen and strongly
inhibited by mercaptosuccinate. Together, these data pro-
vide evidence for involvement of GSH oxidation and, thus,
the glutathione redox state in H2O2-induced Ca
2 + signal
generation.
Several MAPK members, including ERK5 and p38 iso-
forms, are proposed to be activated in a redox-dependent
manner [15]. The present data, however, indicate that H2O2
can activate p38 isoforms independently of changes in GSH
oxidation: in HUVEC, p38 phosphorylation is not affected
by changing GSH peroxidase activity, and in ECV304, p38
is phosphorylated in the absence of GSH oxidation. Of the
various p38 variants, at least the constitutively expressed
isoforms p38a (SAPK2a) and p38h (SAPK2b) are known
to be activated by peroxides [20,36]. Since SB203580 is a
selective and most efficient inhibitor of p38a, it is likely that
this isoform is involved in the blebbing response. Involve-
ment of the p38 pathway in (non)apoptotic membrane
blebbing [5] and mitotic arrest [37] with H2O2 has also
been reported by others. Although the peroxide sensor of
this pathway remains unknown, our data indicate that it is
not a sulfhydryl protein sensitive to glutathione redox state.
Involvement of actin filament formation in the p38-depend-
ent bleb formation is likely because of the inhibitory action
of Rho antagonists in non-apoptotic (this paper). Other
investigators have found that also apoptotic bleb formation
is regulated by altered actin–myosin interactions [38].
The regenerative pattern of Ca2 + mobilization in H2O2-
stimulated endothelial cells, observed by us and others, is
indicative for an InsP3 receptor-dependent mechanism of
Ca2 + release. The literature points to no more than a small
stimulatory effect of peroxide on phospholipase C in endo-
thelial cells [12,34], which is in agreement with the present
findings. Earlier data suggested that oxidative stress, as
accomplished by GSSG, may sensitize the InsP3 receptors
for Ca2 + mobilization [39]. Recent reports indicate that
oxidative stress increases the sensitivity of InsP3-releasable
Fig. 6. Glutathione oxidation and membrane blebbing in ECV304.
Confluent monolayers of ECV304 were left untreated or treated with
ebselen (50 AM for 5 min), after which 0.5 mM H2O2 was added in culture
medium (37 jC). (A) Effect of ebselen on H2O2-induced bleb formation
(meanF S.E., n= 3). (B) H2O2-induced phosphorylation of p38 MAPK. (C)
Effect of ebselen on the H2O2-induced Ca
2 + response (ECV304 loaded
with Fura-2). Calcium responses are from single cells, representative for
> 45 cells.
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stores for depletion [40] or causes overload of the Ca2 +
stores [43]. In pilot studies with permeabilized endothelial
cells, however, we were unable to measure a stimulating
effect of GSSG on InsP3-induced Ca
2 + release (van Gorp et
al., unpublished data). Together, this may suggest that an
oxidized compound, which is not GSSG itself but is in a
redox equilibrium with GSSG, mediates the stimulating
effect of H2O2 on Ca
2 + mobilization.
The question why not all peroxide-treated cells respond
by bleb formation cannot completely be answered. One
factor that may be involved is intercellular variation in
peroxide-induced NADH/NADPH oxidation, as was meas-
ured before in various cell lines [20]. Such variation is also
detected in HUVEC (i.e., H2O2-induced decrease in auto-
fluorescence). The cells may thus differ in maintaining a
reduced (GSH) oxidation state. Other factors—whether or
not related—which may contribute are differences in
strength and duration of the Ca2 + signal, as blebbing cells
often show a prolonged increase in [Ca2 + ]i (Fig. 1), and
differences in p38 activation (Fig. 3). Finally, the cells may
differ in H2O2-degrading catalase, which detoxifies H2O2
and decreases GSH oxidation. Low catalase activity may
thus lead to higher Ca2 + responsiveness and p38 phos-
phorylation, and a better likelihood of membrane blebbing.
Such variability can also explain inter-experimental differ-
ences in responses of HUVEC from different isolations
(see Fig. 2D).
The peroxide-induced bleb formation in endothelial cells
appears to be a highly ordered event, as the membrane blebs
usually appear in circular arrays (Fig. 1) and disappear after
prolonged incubation times (Fig. 2). Moreover, as we have
demonstrated before, this response is not associated with
apoptosis or plasma membrane leakage [7]. Other investi-
gators have recently shown that also hypoxia induces bleb
formation in HUVEC. Also in this case, the blebs arise
secondary to elevation in [Ca2 + ]i, with particularly high
levels of Ca2 + reached locally in the cells at the sites of bleb
formation [41]. In contrast to the peroxide-induced
response, the blebbing by hypoxia was accompanied by
increased plasma membrane permeability and followed by
irreversible cellular damage [42]. As our Ca2 + measure-
ments were non-confocal, we were unable to detect within
cells local high spots of elevated [Ca2 + ]i. Yet, the ordered
appearance of the blebs suggests that they arise due to
specific molecular interactions at the cell membrane, for
instance, by the presence of particular p38 protein sub-
strates.
Taking into account established, downstream effects of
Ca2 + and p38 MAPK, we propose the following model
explaining the reversible, non-apoptotic membrane blebbing.
Oxidative stress causes a more oxidized glutathione redox
state, which leads to Ca2 + mobilization from InsP3-sensitive
stores and subsequent activation of myosin light-chain
kinase, which is a classical Ca2 + /calmodulin-dependent
enzyme. In other cells, undergoing apoptosis, the phosphor-
ylation of myosin light-chain kinase was found to be a
prerequisite for membrane bleb formation [38]. Myosin
phosphorylation can lead to formation and contraction of
an actin cytoskeletal ring, thus generating the centripetal
force needed for blebs to protrude from the plasma mem-
brane. By a separate pathway, peroxide activates p38 iso-
forms, probably upstream of their activators, the MAPK
kinases MKK3 and MKK6 [27]. In endothelial and other
cells, activated p38 forms stimulate MAPK-activated protein
kinase 2/3 (MAPKAPK2/3), which in turn phosphorylates
the small heat shock protein 27 (Hsp27) [18,44]. The latter
protein enhances the polymerization of actin leading to a
stable F-actin cytoskeleton [5]. In this simplified model, the
(GSH oxidation and Ca2 + -dependent) myosin contraction
force and the (p38 MAPK-dependent) F-actin stabilization
are both required to allow blebs to be formed.
Acknowledgements
We acknowledge the excellent assistance of M.A.H.
Feijge. This work was supported by the Netherlands
Foundation for Scientific Research (NWO 902-68-241).
References
[1] B.M. Babior, Oxygen-dependent microbial killing by phagocytes, N.
Engl. J. Med. 298 (1978) 659–668.
[2] G. Weismann, J.E. Smolen, H.M. Korchak, Release of inflammatory
mediators from stimulated neutrophils, N. Engl. J. Med. 303 (1980)
27–34.
[3] C.V. Wedmore, T.J. Williams, Control of vascular permeability by
polymorphonuclear leukocytes in inflammation, Nature 289 (1981)
646–650.
[4] H.R. Burdon, Oxyradicals as signal transducers, in: H.J. Forman, E.
Cadenas (Eds.), Oxidative Stress and Signal Transduction, Chapman
and Hall, New York, 1997, pp. 289–319.
[5] J. Huot, F. Houle, S. Rousseau, R.G. Deschesnes, G.M. Shah, J.
Landry, SAPK2/p38-dependent F-actin reorganization regulates early
membrane blebbing during stress-induced apoptosis, J. Cell Biol. 143
(1998) 1361–1373.
[6] X. Wang, J.L. Martindale, Y. Liu, N.J. Holbrook, The cellular re-
sponse to oxidative stress: influences of mitogen-activated protein
kinase signalling pathway on cell survival, Biochem. J. 333 (1998)
291–300.
[7] R.M.A. van Gorp, J.L.V. Broers, C.P.M. Reutelingsperger, N.M.H.J.
Bronnenberg, G. Hornstra, M.C.E. van Dam-Mieras, J.W.M. Heem-
skerk, Peroxide-induced membrane blebbing in endothelial cells as-
sociated with glutathione oxidation but not apoptosis, Am. J. Physiol.
277 (1999) C20–C28.
[8] F. Re, A. Zanetti, M. Sironi, N. Polentarutti, L. Lanfrancone, E. Dejana,
F. Colotta, Inhibition of anchorage-dependent cell spreading triggers
apoptosis in cultured human endothelial cells, J. Cell Biol. 127 (1994)
537–546.
[9] Z. Xia, M. Dickens, J. Raingeaud, R.J. Davis, M.E. Greenberg, Op-
posing effects of ERK and JNK-p38 MAP kinases on apoptosis, Sci-
ence 270 (1995) 1326–1331.
[10] L. Eklo¨w, P. Molde´us, S. Orrenius, Oxidation of glutathione during
hydroperoxide metabolism, Eur. J. Biochem. 138 (1984) 459–463.
[11] I.A. Cotgreave, R.G. Gerdes, Glutathione–protein interactions: a mo-
lecular link between oxidative stress and cell proliferation, Biochem.
Biophys. Res. Commun. 242 (1998) 1–9.
R.M.A. van Gorp et al. / Biochimica et Biophysica Acta 1591 (2002) 129–138 137
[12] Q. Hu, S. Corda, J.L. Zweier, M.C. Capogrossi, R.C. Ziegelstein,
Hydrogen peroxide induces intracellular calcium oscillations in hu-
man aortic endothelial cells, Circulation 97 (1998) 268–275.
[13] H. Miyoshi, K. Umeshita, M. Sakon, S. Imajoh-Ohmi, K. Fujitani,
M. Gotoh, E. Oiki, J. Kambayashi, M. Monden, Calpain activation
in plasma membrane bleb formation during tert-butyl hydroperox-
ide-induced rat hepatocyte injury, Gastroenterology 110 (1996)
1897–1904.
[14] S.M. Liu, T. Sundqvist, Nitric oxide and cGMP regulate endothelial
permeability and F-actin distribution in hydrogen peroxide-treated
endothelial cells, Exp. Cell Res. 235 (1997) 238–2442.
[15] J. Abe, M. Kusuhara, R.J. Ulevitch, B.C. Berk, J. Lee, Big mitogen-
activated protein kinase 1 (BMK1) is a redox-sensitive kinase, J. Biol.
Chem. 271 (1996) 16586–16590.
[16] K.Z. Guyton, Y. Liu, M. Gorospe, Q. Xu, N.J. Holbrook, Differential
activation of ERK, JNK/SAPK and p38/CSBP/RK Map kinase family
members during the cellular response to arsenite, J. Biol. Chem. 271
(1996) 4138–4142.
[17] P.J. Coffer, J. Jin, J.R. Woodgett, Protein kinase B (c-Akt): a multi-
functional mediator of phosphatidylinositol 3-kinase activation, Bio-
chem. J. 335 (1998) 1–13.
[18] M. Shaw, P. Cohen, D.R. Alessi, The activation of protein kinase B by
H2O2 or heat shock is mediated by phosphoinositide 3-kinase and not
by mitogen-activated protein kinase-activated protein kinase-2, Bio-
chem. J. 336 (1998) 241–246.
[19] T. Moriguchi, F. Toyoshima, Y. Gotoh, A. Iwamatsu, K. Irie, E. Mori,
N. Kuroyanagi, M. Hagiwara, K. Matsumoto, E. Nishida, Purification
and identification of a major activator for p38 from osmotically
shocked cells, J. Biol. Chem. 271 (1998) 26981–26988.
[20] L. New, J. Han, The p38 MAP kinase pathway and its biological
function, Trends Cardiovasc. Med. 8 (1998) 220–229.
[21] M. Ushio-Fukai, W. Alexander, M. Akers, K.K. Griendling, p38 Mi-
togen-activated protein kinase is a critical component of the redox-
sensitive signaling pathways activated by angiotensin II, J. Biol.
Chem. 273 (1998) 15022–15029.
[22] J. Saklatvala, L. Rawlinson, R.J. Waller, S. Sarsfield, J.C. Lee, L.F.
Morton, M.J. Barnes, R.W. Farndale, Role for p38 mitogen-acti-
vated protein kinase in platelet aggregation by collagen or a throm-
boxane analogue, J. Biol. Chem. 27 (1996) 6586–6589.
[23] K. Takahashi, Y. Sawasaki, J. Hata, K. Mukai, T. Goto, Spontaneous
transformation and immortalization of human endothelial cells, In
Vitro Cell Dev. Biol. 25 (1990) 265–274.
[24] R.M.A. van Gorp, G. Hornstra, M.C.E. van Dam-Mieras, J.W.M.
Heemskerk, Function of glutathione peroxidase in endothelial cell
vitality, Arch. Biochem. Biophys. 382 (2000) 63–71.
[25] J.W.M. Heemskerk, W.M.J. Vuist, M.A.H. Feijge, C.P.M. Reuteling-
sperger, T. Lindhout, Collagen but not fibrinogen surfaces induce bleb
formation, exposure of phosphatidylserine, and procoagulant activity
of adherent platelets, Blood 90 (1997) 2615–2625.
[26] D.R. Alessi, A. Cuenda, P. Cohen, D.T. Dudley, A.R. Saltiel, PD
098059 is a specific inhibitor of the activation of mitogen-activated
protein kinase kinase in vitro and in vivo, J. Biol. Chem. 270 (1995)
27489–27494.
[27] M. Maekawa, T. Ishizaki, S. Boku, N. Watanabe, A. Fujiya, A. Iwa-
matsu, T. Obinata, K. Ohashi, K. Mizuno, S. Narumiya, Signaling
from Rho to the actin cytoskeleton through protein kinases ROCK
and LIM-kinase, Science 285 (1999) 895–898.
[28] S. Kumar, M.S. Jiang, J.L. Adams, J.C. Lee, Pyridinyl imidazole
compound SB 203580 inhibits the activity but not the activation of
p38 mitogen-activated protein kinase, Biochem. Biophys. Res. Com-
mun. 263 (1999) 825–831.
[29] E.J.B. Fox, C.D. Austin, C.C. Reynolds, P.K. Steffen, Evidence that
agonist-induced activation of calpain causes the shedding of procoa-
gulant-containing microvesicles from the membrane of aggregating
platelets, J. Biol. Chem. 266 (1991) 13289–13295.
[30] K.A. Seta, R. Kim, H.W. Kim, D.E. Millhorn, D. Beitner-Johnson,
Hypoxia-induced regulation of MAPK phosphatase-1 as identified by
subtractive suppression hybridization and cDNA microarray analysis,
J. Biol. Chem. 276 (2001) 44405–44412.
[31] H. Sies, Ebselen: a glutathione peroxidase mimic, Methods Enzymol.
234 (1994) 476–482.
[32] J. Chaudiere, E.C. Wilhelmsen, A.L. Tappel, Mechanism of selenium-
glutathione peroxidase and its inhibition by mercaptocarboxylic acids
and other mercaptans, J. Biol. Chem. 259 (1984) 1043–1050.
[33] R. Dringen, B. Hamprecht, Involvement of glutathione peroxidase and
catalase in the disposal of exogenous hydrogen peroxide by cultured
astroglial cells, Brain Res. 759 (1997) 67–75.
[34] T. Volk, M. Hensel, W.J. Kox, Transient Ca2 + changes in endothelial
cells induced by low doses of reactive oxygen species: role of hydro-
gen peroxide, Mol. Cell. Biochem. 171 (1997) 11–21.
[35] R.M.A. van Gorp, M.A.H. Feijge, W.M.J. Vuist, M.B. Rook, J.W.M.
Heemskerk, Irregular spiking in free calcium concentration in single,
human platelets. Regulation by modulation of the inositol trisphos-
phate receptors, Eur. J. Biochem. 269 (2002) 1543–1552.
[36] Y. Jiang, C. Chen, Z. Li, W. Guo, J.A. Gegner, S. Lin, J.J. Han,
Characterization of the structure and function of a new mitogen-acti-
vated protein kinase (p38h), J. Biol. Chem. 271 (1996) 17920–17926.
[37] S.I. Kurata, Selective activation of p38 MAPK cascade and mitotic
arrest caused by low level oxidative stress, J. Biol. Chem. 275 (2000)
23413–24316.
[38] J.C. Mills, N.L. Stone, J. Erhardt, R.N. Pittman, Apoptotic membrane
blebbing is regulated by myosin light chain phosphorylation, J. Cell
Biol. 140 (1998) 627–636.
[39] D.C. Renard-Rooney, S.K. Joseph, M.B. Seitz, A.P. Thomas, Effect
of oxidized glutathione and temperature on inositol 1,4,5-trisphos-
phate binding in permeabilized hepatocytes, Biochem. J. 310 (1995)
185–192.
[40] Q. Hu, G. Zheng, J.L. Zweier, S. Deshpande, K. Irani, R.C. Ziegel-
stein, NADPH oxidase activation increases the sensitivity of intracel-
lular Ca2 + stores to inositol 1,4,5-trisphosphate in human endothelial
cells, J. Biol. Chem. 275 (2000) 15749–15757.
[41] Y. Aono, H. Ariyoshi, M. Sakon, A. Ueda, Y. Tsuji, T. Kawasaki, M.
Monden, Human umbilical vein endothelial cells (HUVECs) show
Ca2 + mobilization as well as Ca2 + influx upon hypoxia, J. Cell
Biochem. 78 (2000) 458–464.
[42] M. Ikeda, H. Ariyoshi, M. Sakon, J. Kambayashi, N. Yoshikawa, N.
Shinoki, T. Kawasaki, M. Monden, A role for local calcium gradients
upon hypoxic injury in human umbilical vein endothelial cells
(HUVEC), Cell Calcium 24 (1998) 49–57.
[43] P.S. Herson, K. Lee, R.D. Pinnock, J. Hughes, M.L.J. Ashford, Hy-
drogen peroxide induces intracellular calcium overload by activation
of a non-selective cation channel in an insulin-secreting cell line, J.
Biol. Chem. 274 (1999) 833–841.
[44] J. Huot, F. Houle, F. Marceau, J. Landry, Oxidative stress-induced
actin reorganization mediated by the p38 mitogen-activated protein
kinase/heat shock protein 27 pathway in vascular endothelial cells,
Circ. Res. 80 (1997) 383–392.
R.M.A. van Gorp et al. / Biochimica et Biophysica Acta 1591 (2002) 129–138138
